In the present study, the interaction between thin film Cu and non-eutectic Sn-In is studied. The effects of the bonding and aging temperature on microstructure, IMC formation and also shear strength are investigated by SEM/EDX, XRD and shear testing. The bonding mechanism is proposed based on the obtained results. The bonding mechanism is proposed to occur over 2 stages:
Introduction
As the microelectronics industry deals with more and more complicated products, a new architecture paradigm is demanded. The paradigm is about having integration of different devices in the vertical direction, which is called 3D Integration [1] . There are many advantages gained by having this architecture such as shorter interconnects, allowing further scaling and giving more room for IC designers to explore more innovation. However, the realization of 3D Integration has many challenges. One of the most crucial challenges is how to develop a low temperature bonding process. This low temperature bonding is extremely important especially for those temperature sensitive devices such as MEMS, RF and Bio-related devices.
People have been pursuing a number of options in realizing bonding technology for 3D Integration [1] . However some of those options have limitations. Cu-Cu bonding is a very good option because it provides the best electrical conductivity. However it is difficult to bond Cu to Cu at low temperatures. It can only be bonded at 300 o C or above. There are some groups who can bond Cu to Cu at room temperature; however it has to be done either at ultra high vacuum [2] or at very high pressure [3] . Oxide to oxide bond is quite promising because it is able to bond at room temperature. However, it is very sensitive to humidity which makes the process unstable. Oxide to oxide bond also does not provide an electrical path, which is a disadvantage especially for microelectronics applications.
One promising technology for realizing low temperature bonding is by using solder materials as the glue agent between two metal surfaces. These solder materials are made of low melting point metals such as Sn, Pb, or In. Another characteristic of this bonding is its ability to form bonds at low temperatures by forming an Intermetallic Compound (IMC) with high melting point metal. This Intermetallic Compound has a unique property which its melting point is much higher than the solder material. Thus, it can sustain subsequent high temperature processes.
One of the potential material candidates for lowtemperature bonding of Cu is Sn-In based solder. It has already been reported that it can bond at temperatures below 180 o C. However, most of the reported work focused on threelayer Cu/Solder/Cu bonding [4] , bulk bonding [5] , or eutectic composition 50Sn50In Bonding [6] .
In this project, the interaction between thin film Cu and a non-eutectic composition of Sn-In is studied. The effects of the bonding and aging temperature on microstructure, IMC formation and also shear strength are investigated using Scanning Electron Microscope (SEM), Energy Dispersive Spectroscopy (EDX), X-Ray Diffraction (XRD) and shear tests. A bonding mechanism is proposed based on the results obtained.
Experimental Procedures
This study focused on the bilayer interaction between Cu/Ti/SiO 2 /Si dice and SnIn/Cr/SiO 2 /Si dice during bonding and aging. The Cu and Sn-In chips size are 5 mm x 5 mm and 1 mm x 1 mm respectively. Cu/Ti and Sn-In/Cr films were deposited layer by layer, during sputter deposition. The asdeposited solder was characterized and it is shown that In and Sn layers interdiffused to form an alloy with non-eutectic composition of 75Sn25In. The thickness of the Cu film and solder layer is 1 um and 2.8 um respectively. The bonding was carried out at various bonding temperatures. Prior to bonding, both the solder and Cu surfaces were plasma cleaned using CF 4 +O 2 for 30 seconds. The bonding was carried out using a simple home-made bonder. The schematic of the process is shown in Figure 1 .
After the bonding, some of the samples were aged at different temperatures for 5 hours. The details of the bonding and aging conditions are shown in Table 1 .
Several characterization methods were employed to evaluate the effects of each parameter. The type of IMC was studied by using XRD. The bond strength was evaluated by using shear test. On the other hand, the cross section microstructure of the bonding interface was studied by th Electronics Packaging Technology Conference SEM/EDX. Prior SEM/EDX evaluation, the cross section of the samples were prepared by mounting the bonded samples in the epoxy, followed by grinding using sand papers and polishing using 1 um alumina powder. 
Results and Discussion
It is the nature of solder material to form a very rough surface when deposited on to a non-wettable surface, such as Cr, as clearly shown in Figure 2 . The consequence of this characteristic is the true contact area between the solder and Cu during bonding will be much smaller than the nominal area. The reason behind having a solder film on top of Cr film is to eliminate the interaction between the solder and the film underneath. This interaction is usually observed in three layer/sandwich structure of Cu/Solder/Cu. From Figure 3 , it can be seen that Cr acts really well as a diffusion barrier. There is no interaction between Cr and Solder. On the other hand, the Cu and solder layers merged at higher bonding and aging temperatures, which is associated with IMC formation.
Based on phase diagram of Sn-In [7] , the solidus and liquidus temperature of 75Sn25In are 135 o C and 185 o C, respectively. By using this data, the solder states can be classified into three regimes which are solid state, partial liquid and liquid state. In order to have void free interface and transform the whole solder into IMC, the bonding and aging has to be done at 200 o C which is at liquid state. Solid state bonding gives a bonding interface with a lot of voids. This is originated by the rough surface of the solder. During the solid state bonding, not all the solder surface touches with Cu surface. The parts which are not touching, results voids in the interface. On the other hand, liquid state bonding helps the formation of voids free, as the molten solder can flow and fill the gaps in the interface.
The aging temperatures can also be classified into three regimes which are solid state, partial liquid and liquid state aging, based on Sn-In phase diagram [7] . The diffusivity of Cu in liquid state solder is much higher than the one in solid state solder.
As already been reported, the phase transformation is preceded by the interdiffusion [8] [9] . That is why, more IMC is found at higher aging temperatures (i.e partial liquid and liquid states). The joint thickness is measured from the cross sectional view of SEM. It is observed that the joint thickness decreases as the bonding temperature increases. As the solder becomes softer at higher temperatures, it became easier to deform when pressure was applied during bonding. The easier it is to deform, the less thick is the resulted joint thickness. Figure 7 shows the joint thickness as a function of bonding temperature, where joint thickness is defined as the summation of the Cu and solder layers.
The deformation of the solder is an indication of an enlargement of the true contact area. When the solder deforms, based on volume conservation model, the true contact area enlarges [10] . A rough solder consists of many asperities. During the bonding, the solder at the hills flows to the valleys of the asperities to fill up the voids. The smaller the joint thickness indicates the larger deformation of the solder. More deformation means that more solder materials flows from the hill towards the valleys of the asperities. As a consequence, the true contact area is larger. This is schematically shown in Figure 8 . In order to identify the type of IMC that has formed, XRD characterization was employed. After shear tests, the solder side of the samples were sent for XRD analysis. The results are shown in Figure 9 . For samples aged at low temperature, the solder surface is still dominated by the original solder peaks. As the aging temperature is increased, these peaks start to disappear, and new peaks which correspond to the η phase (i.e Cu 6 (Sn,In) 5 ) start to appear. The observation of this phase is similar to what has been reported in the interaction between Cu and 50Sn50In [5] , whereby there is only one type of IMC (i.e η phase) that forms at temperatures below 200 o C. An interesting point to note is, even though the IMC peaks appear really strong at high temperature of aging, solder peaks are still remained. This is believed to be due to some areas which have remained in solder form while other areas are already converted into IMC. The area which are still remained in a solder forms are the area which are not in contact with Cu.
The XRD results show a very distinct observation with the similar studies that have been reported [6] [4] . In this study, we observed that IMC is formed only after very long aging at high temperatures. Previous studies showed that IMC is able to form at even room temperature for relatively shorter time. This different could be due to the different layer structure. In this study, a bilayer structure is used. Thus, the interdiffusion of Cu and Sn-In happens only at the bonding interface. On the other hand, previous studies use a three layer structure. Underneath the solder film, there was a Cu film. Thus there is possibility the IMC formation on previous studies is originated by the interdiffusion of Sn-In with Cu film underneath. Based on the results described in previous paragraphs, the following bonding mechanism is proposed:
• The as-deposited solder is very rough. Thus, when it is in contact with a Cu surface, the true contact area is not the same as the nominal area [11] . In fact, it can be one order magnitude smaller than the nominal area. However, as we increase the temperature and also apply the bonding pressure, the solder deforms and the true contact area enlarges. True contact area is defined as the areas which are in contact between solder and Cu surfaces. In Figure 10 , it is represented as grey regimes, while the white regime is th Electronics Packaging Technology Conference associated with non-contact area. Intuitively, the higher the bonding pressure, the softer is the solder, which make it easier to deform, and thus the true contact area is larger. This mechanism is associated with creep mechanism for solid state and liquid flow for liquid state solder. Based on the observations, the bonding time of 5 mins is not sufficient for transforming the solder into IMC, thus the effect of bonding temperature is mainly for enlarging the true contact area.
• The role of aging on the other hand is to drive the interdiffusion which subsequently will precede the IMC formation. The IMC is represented as yellow regime in Figure 10 . Intuitively, the higher the aging temperature, the more solder is transformed into IMC. This can be seen from XRD observation. It is also schematically shown in Figure  10 . Because there is no pressure is applied during aging, the true contact area remained the same, before and after aging. There could be an effect of surface diffusion which might lead to enlargement of true contact area, but apparently the effect is not significant. Consequently, the area which is converted into IMC is the one which are in contact.
The shear strength as a function of the bonding and aging temperatures is shown in Figure 11 . It is shown that the shear strength increases as the bonding temperature was increased. On the other hand, it was found that the aging temperature does not have a significant impact on the shear strength. This indicates that the shear strength is mostly affected by the increasing of true contact area rather than formation of IMC. Further investigation can be carried out in order to verify this in more quantitatively. 
Conclusions
• In order to transform the whole solder and Cu into an intermetallic (IMC), it is recommended that bonding be carried out above the melting point of the solder (in our case, 200 o C) and the sample be aged for 5 hours at 200 o C.
• The IMC that forms is the η phase (Cu 6 (Sn,In) 5 ), which is similar to the interaction between Cu and 50Sn50In. This gives new insight into why the compositions of Sn-In solders do not affect the type of IMC that forms when they react with Cu at temperatures below 200 o C.
•
The bonding mechanism is proposed to occur over 2 stages: o An increase in bonding temperature leads to an increase in the true contact area, and o The aging temperature leads to interdiffusion and assists formation of the IMC.
• The shear strength increases with bonding temperature, while the aging temperature does not have a significant impact on it. This indicates that the shear strength is mostly affected by the true contact area rather than the IMC formation.
